Because of the serious mercury pollution in 1950s, many measures and researches for pollution control have been implemented in not only Minamata Bay but also the Yatsushiro Sea. In this paper, the effect of river's outflow and wind stress on flow field will be presented by numerical simulation in order to reveal the characteristics of flow currents in the Yatsushiro Sea. It is pointed out that among three rivers, the Komenotsu River has the most effect on flow field in Minamata Bay. Wind stress could enhance the fluidity in the southern part of the Yatsushiro Sea. In particular, the northeast-southwest wind has more influence on the Yatsushiro Sea than the north-south wind. Under all the four cases of wind stress, strong currents obviously appear along the east coastline in surface's residual flow fields and the returning currents are found in bottom layer. It could change the characteristics of flow currents in Minamata Bay and be important for the transportation of mass in water areas.
INTRODUCTION
Minamata Bay is a part of the Yatsushiro Sea located in the west coast of Kyushu Island, Japan. It was heavily polluted in 1950s by wastewater mixed with mercury from Chisso factory which caused Minamata disease. At the end of August 2007, 2268 persons have been certified as Minamata disease patients on the coast of the Yatsushiro Sea.
Many measures and researches of mercury pollution have been carried out. In July 1974 and November 1975, sampling was made to realize the horizontal and vertical distributions of total and particulate mercury in Minamata Bay and the Yatsushiro Sea 1) . To characterize the extent of the contamination 2) , sediment was sampled at 62 locations in the southern part of the Yatsushiro Sea in March 1996 and both of the vertical and horizontal distributions of mercury in sediment were investigated. Water and sediment samples were taken from the bottom of Minamata Bay at nine locations in October 2002 and six locations in April 2005 3) to assess the release of mercury from the sediment into the water column. Three fixed sampling sites were established for the collection of seawater samples every month during spring tide from March 2006 to March 2008 in order to study the speciation of mercury in Minamata Bay 4) . Through these researches, it is pointed out that trace mercury still remains in the water column and bottom sediment in Minamata Bay. At present the concentration of dissolved total mercury in Minamata Bay is similar with that in other water areas in the world, but the dissolved methyl-mercury is several times higher 4) . For total mercury, the pollution source might be the suspended sediment. While for methyl-mercury which is high toxic chemicals, it is probably produced by geochemical process and biochemical process in aquatic environment. Even though without adequate research, it seems concentration of methyl-mercury is related with seawater characteristics, such as temperature, salinity and dissolved oxygen. Therefore, the characteristics of flow currents in the Yatsushiro Sea are very important for understanding and predicting not only the water quality but also the dynamics of mercury.
Although there were previous numerical analyses on flow field in the Yatsushiro Sea [5] [6] , most of them were carried out in the open sea and tide current was always used as the only open boundary condition. Compared with deep oceans, coastal areas are much closer to human. Fisheries there supply the main food for people living around. And effect of fresh water and surface boundary is still lack of sufficient scientific knowledge. This paper deals with the effect of river's outflow and wind stress on flow field in the Yatsushiro Sea based on numerical simulation, and flow field in coastal areas is analyzed in detail.
NUMERICAL MODEL
Princeton Ocean Model (POM) 7) , developed in Princeton University, is utilized here. It is a baroclinic model including 2-D external mode and 3-D internal mode. Sigma coordinate is adopted in vertical direction. The horizontal grid uses curvilinear orthogonal coordinates and an "Arakawa C" differencing scheme. It has been successfully applied in many projects [8] [9] . The basic equations of POM are shown in Eq.(1)~(3). 
where U, V are the horizontal velocities, ω is sigma coordinate vertical velocity, η is the surface elevation, H is bottom topography and D=H+η.
Sigma coordinate allows the same number of layers over entire water depth. It could be boundary fitted and avoid the steep change of topography. But there still has a disadvantage that the sigma-value is different between adjacent grids in the same layer. Because of that, an improvement was made for the difference of baroclinic term 10) . After the improvement as shown in Fig.1 , density at point z=b and z=b' are used to define density at point (i-1, k) through linear interpolation. And in the same way density at point (i, k) could be defined by point z=a and z=a'.
In POM's source program, free surface mask decided by water level is utilized to delete the grids in land area 7) . To reproduce tideland areas better, both critical water depth and other three equations are utilized to define a new mask index LMT 11) . It is adopted to distinguish wet and dry grids. If it equals to 0 at a point, it means that this point is land area, and contrarily 1 stands for sea area. Firstly, in a grid point, if water depth is greater than critical water depth, there is sea area and LMF=1. If water depth is less than critical water depth, then Eq.(4)~(6) will be considered. if one or more than one equations are true, LMF=0 and there is land area. Only when all the three equations are not true, it means sea area.
NUMERICAL SIMULATION
Simulation area covers all the Yatsushiro Sea and the Ariake Sea (Fig.2) . The model uses uniform orthogonal grid with number of 438 × 468. The grid interval is about 270 m in both x-axis (East-West) and y-axis (North-South). There are 10 layers divided in vertical direction. Topography data is achieved from Japan Hydrographic Association. Time interval of external mode is 1 second and that of internal mode is 5 seconds. Lunar semi-diurnal tide (M 2 ) constituent of tidal motion is applied in south side of the simulation area as open boundary condition. Its amplitude is 1.0 meter. Verification of the model has been carried out at three stations in the Ariake Sea and two stations in the Yatsushiro Sea including one station at Minamata Bay as mentioned in LOU et al. 12) .
(1) Flow field under tidal dynamics and river's outflow Tidal dynamics from open boundary and an outflow of fresh water from each three rivers in Table 1 have been considered. The initial condition is a rest water without wind stress. Total computation time is 5 days.
Flow fields at surface layer under an outflow of fresh water from the Komenotsu River are shown in Fig.3 . It develops that the Komenotsu River has some influence on the flow fields around the river mouth area. In the residual flow field, a circulation flow appears around the mouth of the Komenostu River which has increased the fluidity in the southern part of the Yatsushiro Sea.
On the other hand, Fig.4 shows the flow fields at surface layer under an outflow of fresh water from the Minamata River. At both peak of ebb tide and flood tide moments, fresh water from the Minamata River has little effect on the surface layer's flow fields, while in the residual flow field, velocity become larger around the mouth of the Minamata River and there is a relatively strong current flowing along east coastline.
From the flow fields at surface layer under an outflow of fresh water from the Kuma River in Fig.5 , it is indicated that althrough the flow discharge from the Kuma River is much larger than that from other two rivers, the effect of the Kuma River on flow field is very small which even could be neglected. It is probably because the mouth of Fig3(a, b) and Fig4(a, b) . Therefore, the impact of fresh water from the Kuma River is relatively small and it can't be shown easily . In order to show the effect of fresh water from the Komenotsu River and the Minamata River on Minamata Bay, snapshots of salinity fields around Minamata Bay at surface layer are illustrated in Fig.6 . Initial condition of salinity concentration is 35‰ in the whole water column and 0‰ for fresh water. It is pointed out that although two rivers have the same discharge, the Komenotsu Rriver has more effect on salinity fields in Minamata Bay than the Minamata River. There are two reasons that bay mouth for fresh water from the Komenotsu River is much wider than that for the Minamata River and the bottom topography of the northern bay mouth for the Minamata River is complicated due to shoal.
(2) Flow field under tidal dynamics and wind stress
As boundary conditions, tidal dynamics and wind stress are set in the open boundary and on water surface boundary, respectively. According to wind velocity and direction data from Japan Meteorological Agency in Fig.7 , averaged wind velocity in this area is about 5m/s and the maximum is 8m/s. Here in order to indicate the impact of wind clearly, typical wind velocity and wind directions are selected as shown Table. 2 and they are forced to blow 5 days . The initial condition is a rest water with wind stress. From the flow fields under northeast wind in Fig.8 , it is indicated that at both moments of ebb tide and flood tide, northeast wind has some impact on the characteristics of surface's flow currents in the southern part of the Yatsushiro Sea. Moreover, it is found out that there has a current from northeast to southwest along the east coastline in the residual flow field at surface layer and that the current velocity near Minamata Bay is relatively larger.
While the residual flow field at the bottom layer shows a returning current in the middle of the Yatsushiro Sea and a clockwise circulation forms in front of mouth of the Komenotsu River. Fig.9 illustrates the flow fields under southwest wind. In the peak of both ebb tide and flood tide at surface layer, fluidness in the southern part of the Yatsushiro Sea has been enhanced and a northward current occurs near Minamata Bay. It is also realized that in the surface's residual flow field under southwest wind, current along east coastline is obviously strongthened. And in the bottom's residual flow field, a returning current from northeast to southwest is found in the middle part of the Yatsushiro Sea. In addition, unapparent circulation and strong current along west coastline are shown in the southern sea area.
The effect of north-south wind on flow field is similar with that of northeast-southwest wind, but the former one is relatively smaller.
CONCLUSIONS
Through the analysis of simulation, several conclusions have been summarized as following:
(1) The Komenotsu River and the Minamata River both have some influence on flow fields and salinity fields around the river mouth areas. In particular, the Komenotsu River has more effect on Minamata Bay. Because of the location of river mouth and strength of the tidal current, it seems the Kuma River have no influence on flow field even with large flow discharge.
(2) Wind stress has much more impact on the flow fields at surface layer than river's outflow. It could enhance the fluidity in the southern part of the Yatsushiro Sea. And the northeast-southwest wind has more influence on characteristics of flow currents in the Yatsushiro Sea than north-south wind. In other words, wind which is in the same direction with ebb tide or flood tide could make more effect. (3) Field of residual flow may be important for the transportation of mass in water areas. In all the four cases of wind stress, strong flow currents obviously appear along the east coastline at surface layer and the returning currents are found in bottom layer. Therefore, in these areas sediment could be easily carried by currents and mercury in the bottom sediment will be probably released into water column together with the sediment in geochemical process. In addition, varied flow field must affect the seawater characteristics which are linked to biochemical process of mercury. That means wind could change characteristics of flow currents in Minamata Bay and effect not only the sediment suspending but also the mercury distribution.
